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Abstract 

Low  density  Ca-Mg-At-based  bulk  metallic  glasses  containing  additionally  Cu  and  Zn,  were 
produced  by  a  copper  mold  casting  method  as  wedge-shaped  samples  with  thicknesses  varying 
from  0.5  mm  to  10  mm.  The  compositions  of  the  alloys  were  selected  using  recently  developed 
specific  criteria  for  glass  formation,  A  structural  assessment  using  the  efficient  cluster  packing 
model  was  also  applied  and  showed  a  good  ability  to  represent  these  glasses.  Thermal  properties 
of  the  new'  metallic  glasses,  such  as  the  glass  transition,  crystallization  and  melting  temperatures, 
as  well  as  heats  of  cry  stallization  and  melting  are  reported.  The  critical  cooling  rate  for 
amorphization  and  the  fragility  index  are  estimated  for  these  alloys.  The  effect  of  the  alloy 
composition  on  glass  forming  ability  is  discussed. 


Introduction 

Ca-Mg- based  bulk  metallic  glasses  are  relatively  new  class  of  amorphous  alloys,  which  attract 
interest  of  several  research  groups  for  their  unique  properties  [1  -10}.  In  particular,  these  metallic 
glasses  have  the  lowest  density  (-2.0  g/cc)  among  all  known  amorphous  metallic  alloys.  They 
also  have  low  Young’s  modulus  (-20-35  GPa)  f  1 1  ]  comparable  to  the  modulus  of  human  bones, 
lowr  glass  transition,  temperature  (Tg  -  100-150°C)  and  a  wide  temperature  range  of  super- cooled 
liquid  {ATxg  =  Tx-Tg  -30-70  °C),  It  is  also  noteworthy  that  these  glassy  alloys  arc  based  on  two 
simple  metals,  Ca  and  Mg,  which  distinguishes  them  from  all  other  transition-metal  based  bulk 
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metallic  glasses  [i  2],  and  most  of  these  C a -Mg -based  glasses  were  produced  using  specific 
topological  and  thermodynamic  criteria  for  glass  formation,  which  have  recently  been  developed 
at  the  Air  Force  Research  Laboratory  [5,13-19],  By  applying  these  new  criteria  to  Ca-based  alloy 
systems,  favorable  glass  formation  was  predicted  in  the  alloys  described  by  formula: 

C  a^(  Y  ,Ln)fl(Mg,  Sn)c(A  lt  Ag,Ga,ZnHCu,N  i,  Si)£  ( l ) 

where  ,4=0.40-0.70;  £=0-0.25;  C=Q-Q.25;  M-0.35;  £=0-0,35;  ite0.05;  A+B+C+D+E=  i ; 

and  Ln  represents  a  metal  from  the  lanthanide  group.  A  strong  topological  basis  exists  for  the 
compositions  represented  in  Equation  (1)  [13-18],  which  are  also  well  described  by  a  recently 
developed  structural  model  for  metallic  glasses  [19], 

The  main  drawback  of  the  Ca-based  metallic  alloys  is  their  poor  oxidation  and  corrosion 
resistance.  Many  Ca-based  crystalline  alloys  are  very  reactive,  even  in  pure  water,  and  oxidize  in 
air  in  a  matter  of  days,  Transition  in  the  amorphous  state  considerably  improves  the  oxidation 
and  corrosion  resistance  of  these  alloys,  although  these  properties  also  depend  on  the  alloy- 
const  i  tut  ion  [20-22],  For  example,  recent  studies  of  four  Ca-Mg-Zn,  Ca-Mg-Cu,  Ca-Mg-Zn-Cu 
and  Ca-Mg-AI-Zn-Cu  metallic  glasses  have  shown  that  the  ternary  Ca-Mg-Zn  glass  has  the  least 
oxidation  and  corrosion  resistance.  Substitution  of  Zn  with  Cu  and/or  A I  improves  these 
properties,  and  the-  alloy  containing  A I  has  the  best  oxidation  and  corrosion  resistance  [22]. 
Several  Ca-Al-based  bulk  metallic  glasses  have  recently  been  reported  [7];  however,  these 
glasses  have  not  very  good  glass  forming  ability  and  the  maximum  diameter  of  fully  amorphous 
rods  made  of  these  alloys  by  a  water  cooled  copper  mold  casting  method  generally  does  not 
exceed  2  mm,  Only  two  of  the  reported  amorphous  alloys.  Cas6.sMg1uAl2i.5Cu5  and 
Ca56.sMg10Al2s.jCus,  had  a  higher  maximum  diameter  of  3  mm  [7], 

In  the  present  work  we  report  on  several  new  Ca-Mg-Ai -based  amorphous  alloys  with  better 
glass  forming  ability.  The  compositions  of  these  alloys  were  selected  using  Equation  (I)  and 
recently  developed  specific  criteria  for  glass  formation.  Thermal  properties  of  the  new  metallic 
glasses,  such  as  the  glass  transition,  crystallization  and  melting  temperatures,  as  well  as  heats  of 
crystallization  and  melting  are  reported.  The  effect  of  Lhe  alloy  constitution  on  glass  forming 
ability  and  glass  stability  is  discussed. 

Experimental 

Several  Ca-Mg-AI-based  alloys,  which  nominal  composition  is  shown  in  Table  1,  were  prepared 
by  induction  melting  of  mixtures  of  pure  elements  (99.99%  for  A 1  and  Cu,  99.9%  for  Mg  and  Zn, 
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and  99.5%  for  Ca)  in  a  water-cooled  copper  crucible  in  an  argon  atmosphere.  Each  of  the 
produced  alloys  was  then  induction  re-melted  in  a  quartz  crucible  with  a  12,5  mm  inner  diameter 
and  an  ~2  mm  diameter  hole  in  the  bottom  of  the  crucible  and  cast  through  this  hole  into  a  water- 
cooled  copper  mold  to  produce  wedge-like  samples  of  two  different  dimensions.  One  type  or 
samples  had  6.4  mm  width,  35  mm  height,  and  thickness  varying  from  0.5  mm  at  the  base  of  the 
wedge  to  3.5  mm  at  the  top  of  the  wedge.  Another  type  of  samples  had  11  mm  width,  50  mm 
height,  and  thickness  varying  from  2  mm  at  the  base  of  the  wedge  to  10  mm  at  the  top  of  the 
w'edge.  The  time  to  fill  the  mold  cavity  was  about  0.5  seconds  for  smaller  samples  and  -1.0-1 .5 
seconds  for  larger  samples.  The  amorphous  or  crystalline  structure  of  the  cast  alloys  was 
identified  by  X-ray  diffraction  of  powdered  samples  using  a  Rigaku  Rota  flex  diffractometer,  Cu 
K(1  radiation,  and  a  differential  scanning  calorimeter  (DSC)  Q 1000,  By  TA  Instruments,  Inc.  The 
glass  transition,  T&,  and  crystallization,  Tx,  temperatures,  the  temperatures  of  start,  Tm  and 
completion,  Ti,  of  melting,  and  heats  of  crystallization,  of  the  cast  alloys  were  determined 
using  DSC  scans  at  a  heating  rate  of  40  K/min.  The  maximum  thickness,  rmaK,  at  which  an  alloy 
remained  fully  amorphous  after  the  water-cooled  copper  mold  casting,  was  determined  using  X- 
ray  d  iffraction  and  DSC  patterns  of  several  samples  extracted  from  different-thickness  regions  of 
the  wedge  specimens  as  a  thickness  above  which  AHX  starts  to  decrease  from  its  maximum  value 
and  sharp  peaks  from  crystalline  phases  appear  on  the  X-ray  diffraction  patterns.  This  method  is 
described  elsewhere  [tt].  The  weight  of  samples  used  Tor  DCS  was  in  the  range  of  6  to  15  mg. 

Results 

Ternary  Alloys.  The  ternary  alloys  were  produced  with  the  concentrations  ofCa  varying  from 
50  to  75  at.%  and  the  concentration  of  Al  vary  ing  from  4  to  35  at.%  (Table  I).  The  density  of 
these  alloys  increases  from  1 .62  g/cc  to  1 ,79  g/cc  with  a  decrease  in  the  concentration  of  Ca  and 
an  increase  in  the  concentration  of  Al.  Seven  of  nine  produced  ternary  Ca-Mg-Al  alloys  have 
marginal  glass  forming  ability,  and  the  maximum  amorphous  thickness,  rmcU,  of  these  alloys  after 
casting  in  a  wedge  cavity  does  not  exceed  0.5  mm  (see  Table  I).  Two  other  ternary  alloys, 
Ca^Mgi.iAho  and  CaioMg^Alis,  have  better  glass  forming  ability  and  show  w  of  TO  mm  and 
1.5  mm,  respectively.  Typical  X-ray  diffraction  patterns  and  DSC  heating  curves  for  the  ternary 
alloys  in  fully  amorphous  and  partially  amorphous  conditions  are  shown  in  Figures  1(a)  and  2(a- 
b),  respectively.  Three  alloy  groups  with  different  crystallization  kinetics  can  be  recognized.  The 
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first  group  consists  of  one  glassy  alloy,  Ca55Mg15Abo,  A  DSC  pattern  of  this  alloy  shows  two 
exothermic  crystallization  reactions  near  283°C  and  386°C  and  at  least  two  endothermic 
reactions  due  to  alloy  melting,  with  the  reaction  peaks  at495°C  and  54QC'C  (see  Figure  2).  A 
shallow  endothermic  reaction  is  also  recognized  in  the  temperature  range  between  225°C  and 


282'3C  (AT*  —  57°C),  which  is  due  to  transition  of  the  glass  into  a  super-cooled  liquid  stale. 

The  second  group  consists  of  three  alloys,  Ca^Mg^Al^,  Ca^MgisMis,  and  Ca^Mg^AW  For 
these  alloys,  only  one  sharp  crystallization  peak  is  observed,  which__$kffsto a  lower  temperature/ 
range  and  becomes  sharper  and  more  intense  with  a  decrease  in  the  amount  of  A I.  The  super¬ 
cooled  liquid  range  for  this  alloys  is  rather  narrow  (AT*  -  36°C,  26°C,  and  20X,  respectively), 
and  the  melting  temperature  gradually  decreases  to  an  eutectic  point  at  -410-415,C  (see  Figure  2 
and  Table  1 ).  During  melting  these  alloys  experience  at  least  two  phase  transformations,  which 
result  in  two  sharp  endothermic  peaks. 

In  the  third  group,  which  consists  of  Ca7oMgtSAlts,  Ca^Mg^AL,,  Ca^  ;Mg|2  5Alu,  and 
Ca^MgisAlio,  several  wide  overlapped  crystallization  peaks  are  observed  in  the  temperature 
range  of  ISO^C  to  280,;,C  (see  Figures  2a  and  2b).  Melting  of  these  alloys  starts  at  the  same 
temperature  of  about  36GCC  and  the  enthalpy  of  the  first  melting  peak  is  very  low,  about  8.3  J/g. 
The  second  melting  peak  is  much  more  intense,  AHlft  ~  125  J/g,  and  it  starts  also  at  near  the  same 
temperature  of --4 1 4°C  for  these  alloys.  It  is  likely  that  the  weak  peak  at  360%!  is  due  to  melting 
of  a  metastable  eutectic  and  the  sharp  peak  at  -414CC  is  due  to  melting  of  an  equilibrium 
eutectic,  which  follows  by  a  gradual  me  lting  of  a  primary  phase  with  an  increase  in  the 
temperature  up  to  480-5 10°C. 

At  a  constant  Mg  content,  the  glass  transition,  crystallization  and  melting  temperatures  for  the 
ternary  Ca-Mg-Al  alloys  have  a  tendency  to  decrease  writh  a  decrease  in  the  amount  of  A I  and  an 
increase  in  the  amount  of  Ca  in  the  concentration  range  of  Ca  from  50%  to  75%  (see  Table  1). 

For  example,  T£  decreases  from  -240  nC  to  1 30  °C  and  T*  decreases  from  -280  *0  to  150  °C  in 
this  composition  range.  There  is,  however,  no  correlation  between  the  maximum  amorphous 
thickness,  rma)i,  and  the  temperature  range  of  the  super-cooled  liquid,  ATX  =  Tx  -  T%,  which  is  used 
as  a  measure  of  glass  stability,  or  other  empirical  glass  forming  ability  parameters  such  as  T/Tf 
or  T/(TS+T().  However,  it  can  be  noted  from  Table  I  that  there  Is  a  tendency  for  to  increase 
with  a  decrease  in  the  melting  range  ATm  -  Ts-Tm. 
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Quaternary  alloys.  Two  type  quaternary  alloys  were  produced,  i,e,  Ca-Mg-Al-Zn  and  Ca-Mg- 
Al-Cu  (see  Table  1).  Typical  X-ray  diffraction  patterns  of  one  of  these  alloys,  Ca^MgisAliuZnits, 
versus  the  alloy  thickness  are  shown  in  Figure  lb.  These  patterns  illustrate  transition  of  the  alloy 
from  a  fully  amorphous  to  a  partially  crystalline  stale  with  an  increase  in  the  alloy  thickness  from 
4  mm  to  10  mm.  The  Zn  containing  glassy  alloys  contain  48  to  60  at.%  Ca,  13  to  20  at.%  Mg,  10 
to  20  at.%  Al,  and  6  to  20  at.%  Zn  and  their  typical  DSC  curves  are  shown  in  Figure  3.  The  Cu- 
containing  alloys  have  50  or  60  at.%  Ca,  9  to  22.5  at.%  Mg,  5  to  1 1  at.  %  A  I,  and  1 0  to  22.5  at.% 
Cu  and  their  DSC  curves  are  given  in  Figure  4.  The  density'  of  these  alloys  varies  from  1 .84  to 
2,27  g/ec.  The  density  increases  with  an  increase  in  the  amounts  ofCu  or  Zn,  and,  in  a  smaller 
extent,  A I  and  Mg.  Ternary-  Ca-Mg-Zn  and  Ca-Mg-Cu  bulk  amorphous  alloys  recently  reported 
elsewhere  [8.23],  which  have  a  very  good  glass  forming  ability  (rmM  =  SO  mm),  were  used  as  a 
baseline  to  design  these  quaternary  metallic  glasses  by  partial  substitution  of  the  alloying 
elements  (mainly  Zn  or  Cu)  with  AL  The  A!  addition  to  these  ternary  alloys  reduces  the 
maximum  amorphous  thickness;  however,  it  increases  glass  stability  by  increasing  both  Ta  and 
Tv  (For  the  Ca-Mg-Zn  and  Ca-Mg-Cu  alloys,  Tg  and  T*  values  change  from  80  to  130°C  and 
from  1 12°C  to  170°C,  respectively,  depending  on  the  alloy  composition  [8,23].) 

The  Cu  containing  alloys  have  the  critical  amorphous  thickness  within  1  to  3,5  mm  range,  while 
the  Zn  containing  alloys  have  r™*  from  1  to  5  mm.  When  the  specimen  thickness  r exceeds  rmax, 
the  volume  fraction  of  the  amorphous  phase  generally  rapidly  decreases  to  zero  with  a  further 
increase  in  r  [8,23],  However,  in  two  alloys,  Ca^Mg^AhoZnis  and  Ca^Mg^hoZnio,  the 
volume  fraction  of  the  amorphous  phase,  as  estimated  from  the  intensities  of  the  X-ray 
diffraction  peaks  and  the  DSC  exothermic  peaks,  remains  above  80%  in  the  specimens  with 
thicknesses  of  up  to  10  mm  and  8  mm,  respectively.  In  Ca-Mg-Al-Zn  alloys,  Tf  varies  from 
130°C  to  1 75°C,  Tx  varies  from  1 76°C  to  21  ST  and  both  T6  and  T^  have  a  tendency  to  increase 
with  an  increase  in  the  A I  content.  The  Ca-Mg-AI-Cu  alloys  have  smaller  values  of  Tg  (124°C  to 
143°C)  and  T*  (157°C  to  1S3T)  and,  therefore,  lower  glass  stability  than  the  Ca-Mg-Al-Zn 
alloys.  The  temperature  range  of  a  super-cooled  liquid  for  these  quaternary  alloys  is  rather  large. 
For  example,  in  Zn-containing  alloys  it  varies  from  AT,  =  36°C  in  Ca55MgMAl|9Znf)  to  7  IT  in 
Ca^uMg^AhoZnis.  In  Cu-containing  alloys,  ATX  is  between  3GT  and  49T. 

Crystallization  of  these  quaternary-  amorphous  alloys  is  accompanied  by  a  single  or  multiple 
exothermic  reactions,  depending  on  the  alloy  composition  (sec  Figures  3  and  4).  Melting  of  these 


alloys  occurs  in  a  rather  wide  temperature  range  and  is  generally  accompanied  with  several 
endothermic  peaks.  For  example,  the  Ca^MgsoAlioZnio  glass,  which  has  the  best  glass  forming 
ability  (w  =  5  mm),  has  AT]  ^T|-Tm  =  I39T,  and  the  second  best  glass  former, 
Ca*,oMg]5AlioZni3,  has  AT]  =  8GT.  It  is  well  established  for  many  glass  forming  systems, 
including  Ca-Mg-Zn  [8,24J  and  Ca-Mg-Cu  [23],  that  the  best  glass  forming  alloys  have  a  near- 
eutectic  composition  and  slow  crystallization  kinetics.  The  fact  that  the  majority  of  the  developed 
Ca-Mg-Al-Zn  and  Cs-Mg-Al-Cu  glassy  alloys  have  a  very  wide  melting  range  indicate  that  their 
compositions  are  far  from  the  eutectic  composition,  and  even  better  glass  forming  ability  and 
larger  maximum  amorphous  thicknesses  are  expected  in  optimized  alloy  compositions  with  a 
considerably  reduced  melting  range. 

Qn  in  ten  ary  Ca-Mg-Al-Zn-Cu  alloys,  The  composition  oT  five  quintenary  metallic  glasses 
produced  in  this  work  is  given  in  Table  I  and  their  DSC  patterns  are  shown  in  Figure  5.  A  very 
good  glass  forming  alloy,  CassMgisZni  |Cui&,  which  has  been  reported  to  have  a  maximum 
amorphous  thickness  w  >10  mm  [10],  was  used  as  a  starting  point,  and  from  5  to  15  %  Al,  as 
well  as  up  to  5%  Ca,  were  added  to  this  alloy  to  partially  substitute  Cu  and  Zn  and  reduce  the 
density.  Without  Al,  this  alloy  has  Ta  and  T*  of  1 OOT  and  1 66°C,  respectively,  and  the  density  of 
2,32  g/cc.  Substitution  of  every  1  at.%  of  Cu  and/or  Zn  with  A I  and  Ca  decreases  the  density  of 
this  alloy  by  ~1%  and  1-5%,  respectively,  For  example,  the  densities  of  Ca^MgnAl^ZnfiCu*  and 
Ca6oMguiAl]<iZnjCu4  alloys  arc  1,99  g/cc  and  1.84  g/cc,  respectively  (sec  Table  1).  However, 
glass  forming  ability  rapidly  reduces  with  Al  addition.  Kor  example,  partial  replacement  of  Cu  in 
C&ssMgisZni  iCuui  with  5  at.%  A I  decreases  the  to  9  mm  in  a  Ca55Mg]aAi5ZnnCuu  alloy,  A 
further  increase  in  Al  to  10  and  15  at.%  decreases  rmaK  to  3  mm  and  2.5  mm,  respectively,  in 
CajsMgiaAlioZniiCUi  and  Ca^MgisAl^Zn^Cue  alloys.  At  the  same  time,  substitution  of  5  at.% 

Al  with  Ca  in  the  latter  alloy  leads  to  a  Ca^MgLgAImZnuCuG  alloy  with  doubled  glass  forming 
ability  (rma*  =  5  mm)  and  lower  density  of  1 .94  g/cc  (sec  Table  I).  X-ray  diffraction  patterns  of 
this  alloy  al  different  thicknesses  are  shown  in  Figure  Ic.  Only  a  diffuse  amorphous  halo  is 
present  at  t  tip  to  5mm;  however,  a  number  of  peaks  from  crystalline  phases  arc  present  on  the  X- 
ray  diffraction  pattern  from  a  7-mm  thick  region,  Although  it  reduces  the  glass  forming  ability, 
addition  of  A!  considerably  improves  the  glass  stability  by  increasing  Tf_  and  Tx  (see  Table  1  and 
Figure  5),  For  example,  in  the  alloy  CajjMgisAlisZn^Cufi  Tg  and  T*  are  about  36°C  and  1 19C 
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higher  than  in  CajjMgisZni  1C1116,  The  temperature  range  of  super-cooled  liquid  has  a  tendency 
to  slightly  decrease  with  an  increase  in  Ai  and  it  is  in  the  range  of  AT,  =  41-  56°C. 

Addition  of  A!  changes  the  crystallization  and  melting  patterns  of  the  Ca55MgiiZni  iCui6  glassy- 
alloy  (see  Figure  6).  Crystallization  of  the  amorphous  alloy  without  AI  starts  at~l66°C  and 
produces  a  sharp  exothermic  peak  with  a  maximum  at -17  IT,  which  is  followed  hy  a  smaller 
exothermic  peak  at  ~210°C,  Melting  of  this  ailoy  occurs  in  a  rather  narrow  temperature  range  by 
a  single  endothermic  reaction,  indicating  that  the  alloy  may  have  a  near  eutectic  composition. 
When  5%  Cu  is  substituted  by  AI  (Ca55Mg|SAl5Zn|  iCun  alloy),  both  crystallization  peaks 
become  wider  and  their  maxima  occur  at  higher  temperatures,  1 84°C  and  23  5°C,  respectively. 
Such  behavior  indicates  that  A I  slows  down  the  crystallization  kinetics.  Melting  also  occurs  at 
higher  temperatures  and  is  accompanied  by  multi  pie  endothermic  reactions  within  about  twice 
wider  temperature  range  in  the  melting  range. 

The  first  crystallization  reaction  suppresses  to  a  larger  extend  with  further  addition  of  A!  up  to  10 
and  15  at.%  in  place  of€u  and  Zn  (Ca^MgijAlujZnnCue  and  Ca^MgisAluZn^Cus  glasses), 
while  intensity  of  the  second  crystallization  reaction  almost  does  not  change  (see  Figure  5).  in 
addition,  a  third  crystallization  reaction  occurs  in  these  two  alloys  just  prior  melting  and  the 
melting  temperature  increases  with  an  increase  in  Al  content.  The  first  melting  reaction  in  the 
alloys  with  10  and  15%  AI  starts  rather  slow;  the  reaction  rate  gradually  increases  to  a  maximum 
value  and  then  abruptly  decreases  to  almost  zero.  After  that,  a  weak  and  shallow  melting  reaction 
is  observed  in  a  wide  temperature  range,  probabiy  due  to  gradual  melting  of  a  primary  phase. 
Crystallization  becomes  even  more  complex  in  the  CaeciMgigAluZnuCuu  glass  with  an  increased 
amount  of  Ca  and  at  least  5  crystallization  exothermic  peak  are  recognized  on  a  DSC  pattern  of 
this  alloy.  The  melting  range  in  the  quintenary  glasses  is  very  wide,  between  1 12nC  for 
Ca^oMgiaAlijZnjC^  and  221"C  for  CajjMgLsAlisZnsCug.  This  provides  an  opportunity  to  design 
even  better  glass  forming  alloys  in  this  system  by  modifying  the  composition  and  reducing  the 
temperature  interval  for  melting  (solidification). 

Conclusions 

Several  low  density  bulk  metallic  glasses  were  produced  in  Ca-Mg-Al,  Ca-Mg-AI-Zn,  Ca-Mg- 
Ai-Cu  and  Ca-Mg-Al-Zn-Cu  alloy  systems.  The  maximum  fully  amorphous  thickness  of  rmax  =  9 
mm  was  achieved  in  a  Caj;Mg|SAl5Zni  (Cun  alloy.  Two  alloys,  Ca^MgioAltoZnio  and 
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CassMgigAljZnmCun  have  rmil^  -  5  mm,  eleven  alloys  have  w  from  2  to  4  mm,  and  5  alloys 
have  Tjna*  of  1 .0  to  1 ,5  mm.  The  compositions  of  Lhese  alloys  provide  efficiently  packed  duster 
structure  (fLiii  tu  Ul  johIil^  An  addition  of  A I  usually  reduces  the  glass  forming  ability,  but  it 
improves  the  glass  stability  by  increasing  T^,  and  Tv  The  glassy  alloys  developed  in  this  work 
have  a  wide  temperature  interval  for  solidification,  which  indicates  that  their  compositions  are 
rather  far  from  eutectic  points,  It  is  therefore  expected  that  even  better  glass  former  can  be  found 
in  these  alloy  systems  by  modifying  the  compositions  in  order  to  reduce  the  solidification 
temperature  range. 
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Table  1 .  Compositions  (in  at,%)  of  Ca-Mg-AI-based  amorphous  alloys  and  their  glass  transition, 
Tg,  and  crystallization,  Tx,  temperatures,  the  temperatures  of  start,  Tm,  and  completion,  Tit  of 
melting,  and  heats  of  crystallization,  AHX,  and  melting,  AHm,  as  well  as  the  maximum  thicknesses 
at  which  these  alloys  remain  fully  amorphous  during  copper  mold  casting. 


Composition  (at%) 

p 

(g/cc) 

(mm) 

Ta 

(°C) 

T, 

(°C) 

Tm 

fC) 

Tt 

(°C) 

AHX 

(J/r) 

(J/g) 

CajuMfiisAlM 

1 .79 

<0.5 

225 

282 

485 

>600 

96 

>219 

Ca^Mgi^AljQ 

1.75 

0.5 

240 

276 

473 

>600 

104 

P  >275 

CaeoMftijAlzj 

1.71 

0.7 

220 

246 

454 

>600 

153 

>280 

Ca^Ma^Aljg 

1.73 

0.5 

234 

254 

475 

600 

124 

309 

CafiSMgisAlio 

1.68 

1.0 

190 

218 

413 

503 

175 

271 

C07oMgisAlis 

1.65 

1.5 

147 

187 

414 

498 

146 

213 

1.60 

<0.5 

225 

358 

540 

- 

207 

1.64 

0.5 

144 

181 

367 

508 

177 

290 

CaviiMgiiAlio 

1.62 

0.5 

130 

152 

367 

471 

1 13 

214 

Ca4HMgijAl|9Zn2o 

2.26 

0.5 

163 

214 

375 

540 

70 

1 14 

1  Ca^MgijAlioZn? 

1.88 

i 

174 

218 

352 

549 

76 

189 

CassMgwAhtiZnis 

2.03 

3.5 

130 

196 

358 

500 

76 

179 

CtljfiMg^CiAlliZniO 

1.93 

2 

148 

204 

334 

533 

91 

262 

Ca55Mg2oAl^Zn6 

1.85 

1,5 

175 

211 

358 

472 

92 

223 

CaeaMgisAlioZnis* 

2.0! 

4 

130 

201 

350 

430 

99 

124 

Ca^MgiaiAlisZn? 

1.84 

2.5 

158 

212 

348 

475 

110 

203 

Ca^M g2o A 1 1  oZ Hi  i  * 

1,89 

5 

130 

176 

334 

473 

95 

181 

CawMBaoAlioCu20 

2.22 

1 

138 

168 

384 

458 

96 

227 

Ca5uMg22.5AJsCU22  5 

2,27 

3.5 

143 

183 

354 

489 

100 

188 

Ca^M^Alj  i  Clijo 

2,17 

2 

128 

177 

383 

484 

117 

185 

Ca^&Mg^AlioCn^ 

2.03 

2 

124 

157 

384 

537 

103 

165 

Ca^iMgsc'AlicjCui?) 

1,90 

2 

135 

169 

390 

544 

96 

210 

CajsMgiaAlsZniiCuii 

2.22 

9 

119 

175 

331 

513 

114 

192 

Ca^Mgi^AIioZti]  iCu^ 

2.09 

3 

128 

171 

341 

562 

101 

228 

CassMgjfiAl^ZneCu^ 

1.99 

2.5 

136 

177 

360 

581 

95 

293 

C  a6,  j  M  g  i  x  A 1  KiZ  n6C  u6 

1,94 

5 

134 

176 

357 

530 

128 

211 

C  s  A  [  1 5ZH3CU4 

1.84 

2 

144 

195 

370 

503 

123 

193 

*  The  al  loy  is  more  than  80%  amorphous  at  the  thickness  of  up  to  I  Omm, 

*  The  alloy  is  more  than  80%  amorphous  at  the  thickness  of  up  to  8  mrn. 
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Figure  !.  Typical  X-ray  diffraction  patterns  of  amorphous  and  semiamorphous  samples  extracted 
from  the  regions  of  different  thicknesses  (shown  in  the  figures)  of  the  copper  mold  wedge  cast 
alloys  (a)  Ca7uMgi  sAlu,  (b)  CasoMg^AlioZnis  and  (c)  Cati[)MgijA!ioZn(,Cu6. 
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Figure  2.  DSC  patterns  of  amorphous  samples  extracted  from  (a)  the  regions  of  the  maximum 
amorphous  thicknesses  of  different  Ca-Mg  Al-  alloys  (their  compositions  arc  shown  in  the 
figure)  and  (b)  the  regions  of  different  thicknesses  of  a  Ca^MgijAlu.  The  wedge-like  alloys 
were  prepared  by  casting  in  a  water-cooled  copper  mold.  The  DSC  patterns  were  obtained  during 
continuous  heating  at  a  heating  rate  of  40°C/min  and  endothermic  reactions  are  directed  up. 

■  i 
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Figure  3.  DSC  patterns  of  amorphous  samples  extracted  from  the  regions  of  maximum 
amorphous  thicknesses  of  the  copper  mold  wedge  cast  Ca- Mg  Al-Zn  alloys.  The  alloy 
compositions  are  shown  in  the  figure  and  their  glass  transition,  crystallization  and  melting 
temperatures,  as  well  as  maximum  amorphous  thicknesses,  are  given  In  Tabic  1.  The  DSC 
patterns  were  obtained  during  continuous  heating  at  a  heating  rate  of  40°C/min  and  endothermic 
reactions  ane  directed  up. 


14 


Figure  4.  DSC  patterns  of  amorphous  samples  extracted  from  the  regions  of  maximum 
amorphous  thicknesses  of  the  copper  mold  wedge  cast  Ca-Mg  Al-Cu  alloys.  The  alloy 
compositions  are  shown  in  the  figure  and  their  glass  transition,  crystallization  and  melting 
temperatures,  as  well  as  maximum  amorphous  thicknesses,  are  given  in  Table  1 .  The  DSC 
patterns  were  obtained  during  continuous  heating  at  a  heating  rate  of  40°C/min  and  endothermic 
reactions  are  directed  up. 
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Figure  5.  DSC  patterns  of  amorphous  samples  extracted  from  the  regions  of  maximum 
amorphous  thicknesses,  rmax,  of  the  copper  mold  wedge  east  Ca-Mg  Al-Zn-Cu  alloys.  The  alloy 
compositions  are  shown  in  the  figure  and  rheir  glass  transition,  crystallization  and  melting 
temperatures  are  given  in  Table  I.  A  DSC  pattern  from  a  base-line  CaijMgtgZnnCuis  glassy 
alloy  with  rmte  -  1 0  mm  is  also  shown.  The  DSC  patterns  were  obtained  during  continuous 
heating  at  a  heating  rate  of  4QcC/min  and  endothermic  reactions  are  directed  up. 
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